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High-Temperature Thermoelectric Properties of the Solid–Solution Zintl
Phase Eu11Cd6Sb12–xAsx (x < 3)
Abstract
Zintl phases are compounds that have shown promise for thermoelectric applications. The title solid–solution
Zintl compounds were prepared from the elements as single crystals using a tin flux for compositions x = 0, 1,
2, and 3. Eu11Cd6Sb12–xAsx (x < 3) crystallize isostructurally in the centrosymmetric monoclinic space
group C2/m (no. 12, Z = 2) as the Sr11Cd6Sb12 structure type (Pearson symbol mC58). Efforts to make the
As compositions for x exceeding ∼3 resulted in structures other than the Sr11Cd6Sb12 structure type. Single-
crystal X-ray diffraction indicates that As does not randomly substitute for Sb in the structure but is site
specific for each composition. The amount of As determined by structural refinement was verified by electron
microprobe analysis. Electronic structures and energies calculated for various model structures of
Eu11Cd6Sb10As2 (x = 2) indicated that the preferred As substitution pattern involves a mixture of three of the
six pnicogen sites in the asymmetric unit. In addition, As substitution at the Pn4 site opens an energy gap at
the Fermi level, whereas substitution at the other five pnicogen sites remains semimetallic with a pseudo gap.
Thermoelectric properties of these compounds were measured on hot-pressed, fully densified pellets. Samples
show exceptionally low lattice thermal conductivities from room temperature to 775 K: 0.78–0.49 W/mK for
x = 0; 0.72–0.53 W/mK for x = 1; and 0.70–0.56 W/mK for x = 2. Eu11Cd6Sb12 shows a high p-type Seebeck
coefficient (from +118 to 153 μ V/K) but also high electrical resistivity (6.8 to 12.8 mΩ·cm). The value of zT
reaches 0.23 at 774 K. The properties of Eu11Cd6Sb12–xAsx are interpreted in discussion with the As site
substitution.
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ABSTRACT: Zintl phases are compounds that have shown
promise for thermoelectric applications. The title solid−
solution Zintl compounds were prepared from the elements as
single crystals using a tin ﬂux for compositions x = 0, 1, 2, and
3. Eu11Cd6Sb12−xAsx (x < 3) crystallize isostructurally in the
centrosymmetric monoclinic space group C2/m (no. 12, Z =
2) as the Sr11Cd6Sb12 structure type (Pearson symbol mC58).
Eﬀorts to make the As compositions for x exceeding ∼3
resulted in structures other than the Sr11Cd6Sb12 structure
type. Single-crystal X-ray diﬀraction indicates that As does not
randomly substitute for Sb in the structure but is site speciﬁc
for each composition. The amount of As determined by structural reﬁnement was veriﬁed by electron microprobe analysis.
Electronic structures and energies calculated for various model structures of Eu11Cd6Sb10As2 (x = 2) indicated that the preferred
As substitution pattern involves a mixture of three of the six pnicogen sites in the asymmetric unit. In addition, As substitution at
the Pn4 site opens an energy gap at the Fermi level, whereas substitution at the other ﬁve pnicogen sites remains semimetallic
with a pseudo gap. Thermoelectric properties of these compounds were measured on hot-pressed, fully densiﬁed pellets. Samples
show exceptionally low lattice thermal conductivities from room temperature to 775 K: 0.78−0.49 W/mK for x = 0; 0.72−0.53
W/mK for x = 1; and 0.70−0.56 W/mK for x = 2. Eu11Cd6Sb12 shows a high p-type Seebeck coeﬃcient (from +118 to 153 μ V/
K) but also high electrical resistivity (6.8 to 12.8 mΩ·cm). The value of zT reaches 0.23 at 774 K. The properties of
Eu11Cd6Sb12−xAsx are interpreted in discussion with the As site substitution.
■ INTRODUCTION
Thermoelectric materials enable generation of electricity from a
heat gradient and vice versa with no harmful emissions.
However, this energy conversion is a low-eﬃciency process
which has prevented broader usage of thermoelectric devices.
Operation of thermoelectric materials is described by a ﬁgure of
merit, zT = α2T/κρ, in which α is the Seebeck coeﬃcient, ρ is
the electrical resistivity, and κ is the thermal conductivity. The
ﬁgure of merit characterizes how eﬃciently a material converts
a heat gradient into electricitythe higher zT, the greater the
eﬃciency.
An ideal compound for thermoelectric applications can be
imagined as a material that possesses diﬀerent pathways to
transport electrons and phonons. In this way, thermal
conductivity can be tuned while the electronic properties
remain unaﬀected and vice versa, leading to the idea of the
“phonon glass-electron crystal” (PGEC) approach introduced
by Slack.1 In principle, electronic and thermal properties of
materials can be independently optimized while minimizing
eﬀects on the other quantities to achieve maximum zT values.
Among the best candidates that can satisfy this idea of diﬀerent
charge carrier and heat carrier routes in one material are Zintl
phases.2
Zintl phases are made of elements with diﬀerent electro-
negativities in which the most electropositive element formally
donates its valence electrons to the more electronegative
elements, which form (poly)anionic networks that satisfy the
octet rule. The electropositive element, serving now as a cation,
can be considered as a guest atom within the cavities formed by
the (poly)anionic network.2 These cations, therefore, have
important roles for thermoelectric properties both to tune the
carrier concentrations and to contribute to phonon scattering
mechanisms. On the other hand, the covalent bonds in the
(poly)anionic network are responsible for the electron−crystal
region.2 One of the interesting characteristics of Zintl phases is
that they are favorable for isovalent substitutions as seen, for
example, in Yb1−xCaxCd2Sb2,
3 Eu1−xYbxCd2Sb2,
4 and
Yb13CaMnSb11.
5 Because the exact electron-donating abilities
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of various cations are slightly diﬀerent due to their diﬀerent
electronegativities, the charge carrier concentration can be
ﬁnely tuned by such mixed occupancies at the cation sites to
maximize zT without strongly perturbing the anionic network.6
Many high-zT Zintl compounds, such as Yb14MnSb11,
7
Yb1−xCaxZn2Sb2,
3 and Ba0.08La0.05Yb0.04Co4Sb12 skutterudites,
8
have been synthesized for thermoelectric applications.
Although Zintl phases form a large family of inorganic
compounds with many diﬀerent crystal structures,9 only a small
fraction of them has been studied for their thermoelectric
properties. Eu11Cd6Sb12 was selected in this study for its
potential thermoelectric applications because it contains heavy
atoms, and adopts a complex structure (Figure 1), similar to
other compounds which have good thermoelectric proper-
ties.3−5 Eu11Cd6Sb12 adopts the Sr11Cd6Sb12
10 structure type,
which can be described as inﬁnite, one-dimensional tubes of
two edge-fused pentagons. The overall structure of
Sr11Cd6Sb12,
10 projected along the b axis, is shown in Figure
1. Inﬁnite [Cd6Sb12]
22− chains running along the b axis involve
a covalent network of vertex-sharing CdSb4 tetrahedra that are
separated by Sr2+ cations. In this paper, we explore the chemical
and physical ﬂexibility of this structure type using the pnicogen
sites for alloying, leading to lower lattice thermal conductivities,
and investigate this alloying eﬀect on the subsequent
thermoelectric properties of Eu11Cd6Sb12−xAsx phases. The-
oretical calculations were carried out to understand the As site
preferences and assess their eﬀects on electronic energy bands,
which in turn inﬂuences the thermoelectric performance of
Eu11Cd6Sb12−xAsx. We present herein details of the synthesis,
structural characterization, and transport properties of the
solid−solution Eu11Cd6Sb12−xAsx (x = 0, 1 and 2) along with
discussing the observed As site speciﬁcity behavior which is
noticed in other phases such as Ba2Cd2(Sb1−xAsx)3.
11
■ EXPERIMENTAL SECTION
Synthesis. Eu11Cd6Sb12−xAsx compounds were prepared similarly
to the literature procedure12 but using a 30-fold excess tin ﬂux instead
of a 50-fold excess lead; details of ﬂux-growth synthetic procedures can
be found elsewhere. All manipulations were carried out in argon- or
nitrogen-ﬁlled glove boxes or under vacuum.13 All starting elements
were loaded in 5 cm3 alumina crucibles in the respective
Eu:Cd:Sb:As:Sn molar ratios of 11:6:(12− xsyn):xsyn:30 (xsyn is an
integer from 0 to 12) to a total weight of ∼10 g (Sources: Eu, Ames
Lab, 99.999%; Cd pieces, Alfa, 99.98%; Sb shot, Alpha Aesar, 99.9%;
and Sn shot, Alpha Aesar, 99.99%). Crucibles were placed into fused
silica tubes with a second crucible ﬁlled with SiO2 wool placed on top,
and fused silica tubes were sealed under less than 200 mTorr of
vacuum. Sealed silica tubes were placed upright in a box furnace and
heated at 10 °C/h to 500 °C, allowed to dwell 6 h, and then heated at
10 °C/h to 950 °C for 96 h. Subsequently, reaction vessels were slowly
cooled at 5 °C/h to 600 °C, at which point molten tin was removed by
inverting and placing the reaction vessels into a centrifuge and
spinning for 2−3 min at 6500 rpm. Finally, reaction vessels were
opened in a N2-ﬁlled glovebox equipped with an optical microscope
and at moisture levels below 1 ppm. Silver-colored, reﬂective crystals
of Eu11Cd6Sb12−xAsx were observed as the product.
Single-Crystal X-ray Diﬀraction. Structure determination for the
products of each reaction was performed on more than two crystals,
and unit cell determination was accomplished for at least 10 crystals of
a variety of shapes from each reaction to determine the phase width
and purity of each reaction product. Single crystals of
Eu11Cd6Sb12−xAsx (xsyn > 0) were selected in Paratone N oil to
minimize oxidation of the sample under a microscope and then, if
necessary, cut in to the desired dimensions for data collection. Selected
crystals were positioned on the tops of glass ﬁbers or MiTeGen
microloops, quickly transferred to the nitrogen stream, and mounted
on the goniometer. Diﬀraction data for Eu11Cd6Sb12−xAsx were
collected at 90 K on a Bruker Apex II diﬀractometer with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å) and CCD area
detector. Several sets of ω scans (0.3°/frames) at diﬀerent Φ settings
were collected while in a nitrogen stream. Determinations of unit cell
parameters, reﬁnements, and raw frame data integrations were
completed using the APEX II v2011.4-1 software. Space group was
determined on the basis of systematic absences using XPREP, followed
by a semiempirical absorption correction based on symmetrically
equivalent reﬂections with the program SADABS, and the structure
was solved using direct methods from the SHELXTL Version 6.14
package. After successful assignments of the high electron density
peaks as Eu, Cd, and Sb, the occupancy on each atomic site was
examined. For all compounds, the reﬁned occupancies of only some of
the six pnicogen sites (i.e., Pn1, Pn2, and Pn5 sites in xsyn = 1), which
were initially assigned to Sb atoms, were signiﬁcantly low, indicating
that lighter As atoms were involved into those sites. Occupancies of
the shared Sb/As sites were ﬁxed to fully ﬁll each crystallographic sites,
and they were assigned the same coordinates and atomic displacement
parameters. An unrestrained reﬁnement of site occupancies,
coordinates, and thermal parameters lead to an unstable reﬁnement.
Final optimized R factors, U values, and peak/hole values were
obtained by applying the restriction on aforementioned parameters.
Similar reﬁnements for each structure lead to the structural models
described herein. CIFs are provided in the Supporting Information.
Figure 1. Perspective view of the crystal structure of Sr11Cd6Sb12 down the b axis. Network of Cd−Sb covalent bonds and [CdSb4] tetrahedra is
emphasized. One unit cell outline is included.
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Electron Microprobe Analysis. Single-crystalline and pelleted
samples were enclosed in epoxy and polished to provide ﬂat surfaces
for analysis. Polished samples were mounted on 25 mm metal rounds
using adhesive carbon tape and carbon coated to make them
conducting. Microprobe analysis was performed using a Camera SX-
100 Electron Probe Microanalyzer with wavelength-dispersive
spectrometers. Back-scattered electrons were used for imaging the
surfaces of the samples, characteristic X-rays generated by samples
were analyzed by wavelength-dispersive spectroscopy to determine the
compositions of samples, and element mapping was accomplished to
assess the spatial distribution of elements in the samples. X-ray
intensities of Eu, Cd, Sb, As, and Sn were compared with the calibrated
standards EuPO3, Cd (metal), Sb (metal), GaAs, and Sn (metal) for
quantitative analysis. At least 15 diﬀerent points with a spot size of 1
μm were analyzed for each sample.
Electronic Structure Calculations. Electronic structures and
total energies of various model structures of Eu11Cd6Sb10As2 (x = 2)
were calculated by the tight-binding, linear muﬃn-tin orbital method
in the atomic sphere approximation (TB-LMTO-ASA) using the
Stuttgart code.14 Exchange and correlation were treated by the local
density approximation (LDA).15 In the ASA method, space is ﬁlled
with overlapping Wigner−Seitz (WS) spheres. The symmetry of the
potential is considered spherical inside each WS sphere, and a
combined correction is used to take into account the overlapping
part.16 The ranges of WS radii are 3.79−4.01 Å for Eu sites, 2.80−2.97
Å for Cd sites, and 3.06−3.49 Å for Sb/As sites. Empty spheres were
necessary to achieve the LMTO volume criterion, and the overlap of
WS spheres was limited to no larger than 16%. The basis set for the
calculations included the following wave functions: Eu 6s, 6p, 5d; Cd
5s, 5p, 4d; Sb 5s, 5p, 5d; and As 4s, 4p, 3d. The convergence criterion
was set to 0.5 meV. A mesh of 14−20 k points in the irreducible wedge
of the ﬁrst Brillouin zone was used to obtain all integrated values,
including the density of states (DOS) and crystal orbital Hamiltonian
population (COHP) curves.
Synchrotron Powder X-ray Diﬀraction. High-resolution
synchrotron powder diﬀraction data for Eu11Cd6Sb12−xAsx were
collected at room temperature (295.0 K) using beamline 11-BM at
the Advanced Photon Source (APS),17 Argonne National Laboratory,
using an average wavelength of 0.41396 Å produced by a bending
magnet (BM) with 30 keV energy. Si(111) double crystals were used
as the monochromator, and a sagittally bent Si(111) crystal focused
the beam to dimensions of 1.5 mm (horizontal) × 0.5 mm (vertical)
on the sample. Twelve discrete detectors covering an angular range
from −6° to 16° 2θ are scanned over a 34° 2θ range, with data points
collected every 0.001° at a scan speed of 0.01°/s.18 All samples were
diluted by mixing with pulverized fused silica with a mass ratio of 1:1
amorphous SiO2:sample. Amorphous SiO2 dilutant was necessary to
overcome the strong absorption issues due to the presence of high-Z
elements in these solid solutions. Diluted samples were sealed in
quartz capillaries of 0.3 mm in diameter to minimize oxidation. A small
broad peak at a low 2θ angle, especially for x = 2, comes from
amorphous SiO2. The program FullProf was used to perform proﬁle
matching with constant scale factor by employing pseudo-Voigt axial
divergence asymmetry peak shape for the calculated patterns.
Sample Preparation for Transport Properties. High-temper-
ature thermoelectric property measurements were performed on
Eu11Cd6Sb12−xAsx (x < 3) hot-pressed pellets. To get dense samples,
polycrystalline powder samples were ﬁrst cold pressed at 415 MPa in
hardened steel die sets; then the pressure was released to 206 MPa and
immediately hot pressed at this pressure for 30 min under an argon
atmosphere at 500 °C to make 10 mm diameter pellets with
approximately 1.5 mm thickness. Densities of the pellets were found to
be about 95% of the calculated densities. Samples were polished to
obtain smooth and parallel faces appropriate for electrical and thermal
transport properties measurements.
Transport Properties Measurements. High-temperature resis-
tivity (ρ) data were measured to 773 K using the van der Pauw
technique and pressed niobium contacts. The Hall eﬀect was measured
simultaneously in a 2 T magnetic ﬁeld.19 Seebeck data were obtained
using Chromel−Nb thermocouples. The Seebeck coeﬃcient at each
temperature was obtained by oscillating ΔT by ±10 K about a ﬁxed
average temperature. The resulting linear voltage response yields the
Seebeck coeﬃcient (ΔV = α ΔT).20 Thermal diﬀusivity data were
collected using a Netzsch LFA 457. The temperature of measurements
was limited to 773 K because of the thermal instability of
Eu11Cd6Sb12−xAsx (x = 0, 1, 2) observed above this temperature;
TG-DSC data are provided in the Supporting Information; mass loss
observed at around 887 K can be caused by As sublimation. The ﬁnal
product after TG-DSC was not investigated further. Thermal
conductivities were calculated from the equation κtotal = CpdD, in
which Cp is the Dulong−Petit heat capacity (Cp = 3RM/N; R is the gas
constant, M is the molar mass, and N is number of atoms per formula
unit), d is the geometric density, and D is the measured thermal
diﬀusivity from ﬂash diﬀusivity measurements given in the Supporting
Information.
■ RESULTS AND DISCUSSION
Structures and Compositions. Single-crystal and powder
X-ray diﬀraction (PXRD) and electron microprobe analysis
(EMPA) were used to investigate the products of each reaction
to prepare the solid solutions Eu11Cd6Sb12−xAsx (xsyn = 0−12).
Single-crystal X-ray diﬀraction studies show that there is a small
range of compositions of Eu11Cd6Sb12−xAsx that crystallize in
the Sr11Cd6Sb12 structure type. The compound with the highest
As content characterized by single-crystal X-ray diﬀraction was
Eu11Cd6Sb7.76As4.24(6) from reaction of xsyn = 3. However, this
phase appeared as a minor product together with a new
structure, which was the major phase and will be reported in
another publication. Herein, samples of Eu11Cd6Sb12−xAsx with
the Sr11Cd6Sb12 structure type as the major phases of each
product will be discussed, so xsyn < 3. These structures are
solved with acceptable R1 and wR2 values (R1 < 2.3% and wR2 <
5%); details can be found in the Supporting Information. There
was no evidence for Sn substitution from the structure
reﬁnements, in good agreement with EMPA on single crystals.
Figure 2a shows that the lattice parameters decrease with
increasing As content x (determined from single-crystal X-ray
diﬀraction), a result which is in agreement with the covalent
radii of Sb (1.39 Å) and As (1.19 Å).21 The b axis decreases
slightly compared with the decreases in a and c axes with
increasing As content. Moreover, the linear variation in lattice
constants with As content indicates its solid solution behavior,
in accordance with Vegard’s law.22,23
Figure 2b shows the x values in Eu11Cd6Sb12−xAsx
determined independently from single-crystal data reﬁnements
and EMPA on single-crystal samples and the hot-pressed pellets
vs their loaded (synthetic) values, xsyn. Microprobe results from
the single-crystal samples and hot-pressed pellets give similar
values for the amount of As present in the compounds
especially for the low xsyn amounts. Backscattered electron
microscopy (BSE) and elemental mapping images of hot-
pressed slices with total area sizes more than 4 mm2 shown in
Figure 3 indicate that As is homogenously distributed. EMPA
on single crystals did not show the presence of other phases.
However, electron microprobe studies on the pressed pellets
indicate that there is a minor phase with the possible
composition of Eu10CdSb10−x−ySnxAsy, an unknown phase;
the bright gray areas in the backscattered images in Figure 3
were identiﬁed as this composition and are indicated by arrows.
Our attempts to ﬁnd single crystals of this phase as a possible
minority phase in the single-crystal product were unsuccessful,
suggesting that this minor phase arises via the hot-press
procedure through the reaction between the residual tin and
the main phase of each compounds at high temperature and
Chemistry of Materials Article
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pressure. Pellets also showed a very minor presence of Eu2O3
impurities.
Average compositions with standard deviations in paren-
theses from EMPA on single crystals and pressed pellets are
provided in Table 1 along with the compositions from single-
crystal X-ray diﬀraction. There is good agreement between the
compositions obtained from single-crystal X-ray diﬀraction and
from EMPA (see also Figure 2b). The presence of the minor
phase Eu10Cd1Sb10−x−ySnxAsy (generalized stoichiometry
Eu10MPn10) and Eu2O3 observed by EMPA in the pressed
pellets is not apparent in the powder patterns obtained from a
conventional powder X-ray diﬀractometer of samples obtained
before or after hot pressing. Therefore, to investigate the quality
of each sample, synchrotron powder XRD was utilized.
Representative patterns of the x = 0, 1, and 2 samples of
Eu11Cd6Sb12−xAsx are shown in Figure 4. The best proﬁle
matching was achieved using the crystal structures solved for
crystals of each reaction. The corresponding calculated patterns
are shown as orange dashed lines overlaid on each observed
pattern, shown in black, and the diﬀerence proﬁle is also shown
below each pattern in black. Diﬀerence proﬁles indicate some
unassigned peaks are present in the 2θ range of 7−10°.
Assigning these peaks and utilizing software such as Dicvol and
Treor to determine a solution for their unit cells was not
successful. However, these unassigned diﬀraction peaks might
be attributed to the minor phase identiﬁed by EMPA as
Eu10MPn10. Further analysis by the Rietveld method was not
reliable as a result of the presence of unassigned peaks
belonging to an unknown phase (or phases) because the
contribution of each phase to each peak cannot be properly
evaluated. However, most of the peaks are fully matched with
the parent structure Eu11Cd6Sb12 as shown in Figure 4.
Arsenic Site Preferences. Reﬁned site occupancies
obtained from single-crystal diﬀraction data show that As
substitution on the pnicogen sites is not statistically random but
that some pnicogen positions are more susceptible to
substitution than others, a result which is called the “coloring
problem”.24 In the crystal structure of the parent compound,
Eu11Cd6Sb12, which has been studied in detail by Saparov et
al.,12 there are six diﬀerent crystallographic sites for Sb (shown
in Figure 5) that can be substituted by As atoms. Table 2
summarizes our experimental results, which shows, for example,
in Eu11Cd6Sb10.97As1.03, preferential substitution occurs at the
Pn2, Pn1, and Pn5 sites.
This preferential substitution cannot be explained by simple
chemical reasoning such as electronegativities of As and Sb and
the respective formal charges for each pnicogen (Pn) site (i.e.,
one-bonded Pn = −2, two-bonded Pn = −1, three-bonded Pn =
0), which are listed in Table 1 using the Zintl−Klemm
formalism.9 According to this simple idea, the more electro-
negative As atoms should substitute for Sb at those sites with
Figure 2. (a) Lattice parameters for Eu11Cd6Sb12−xAsx obtained from
single-crystal X-ray diﬀraction plotted as a function of synthetic values
x, x(Synthetic). a axis (squares), b axis (circles), and c axis (triangles)
are presented in the bottom, middle, and top plot, respectively, lattice
parameters for x = 0 are obtained from the literature.12 (b)
Experimentally determined composition, x(Experimental), for
Eu11Cd6Sb12−xAsx from single-crystal X-ray diﬀraction (triangles) and
EMPA of the single crystals (squares) and hot-pressed pellets (circles)
vs synthetic values, x(Synthetic).
Figure 3. BSE images and X-ray maps of hot-pressed slices for Eu11Cd6Sb12−xAsx solid solutions (x = 0, 1, 2); areas of bright contrast identiﬁed with
the Eu10Cd1Sb10−x−ySnxAsy composition are indicated by arrows.
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the more negative formal charges, but the most preferred site is,
in fact, Pn2, which has the most positive formal charge of zero.
Since this simplistic idea does not readily interpret the reﬁned
As substitution patterns, quantum chemical calculations were
carried out on six model structures of “Eu11Cd6Sb10As2” in
which As completely replaces Sb at each of the six independent
pnicogens sites.
The total energies of the six diﬀerent substitution patterns of
Eu11Cd6Sb10As2 are also listed in Table 2 relative to the lowest
energy case Pn5. According to these relative total energies, the
pattern of As substitution for Sb atoms in ternary
“Eu11Cd6Sb12” follows the qualitative order (Pn5−Pn2−
Pn1)(Pn4−Pn6)(Pn3). We use these relative total
energies to estimate the distribution of As atoms among the
six diﬀerent pnicogen sites as a function of temperature using a
Boltzmann distribution for these six models. At 300 K, the
calculated As site occupancies are 66% (Pn5), 28% (Pn2), and
6% (Pn1); at 800 K, the As site occupancies become 42%
(Pn5), 31% (Pn2), 17% (Pn1), 6% (Pn4), and 4% (Pn6).
Clearly, the calculations reproduce gross trends in the As
substitution pattern by identifying the three sites at which As is
found to replace Sb for the lowest As content x = 1.03. On the
other hand, the calculations do not correctly follow the
quantitative results that site Pn2 is most favorable for As
substitution.
To understand the relative energies of the six diﬀerent As
substitution patterns, analysis of the electronic structures of
Eu11Cd6Sb12 and “Eu11Cd6Sb10As2” is warranted. In the valence
orbital region of the electronic DOS curve for Eu11Cd6Sb12,
12
shown in Figure 6, there are three distinct regions: (i) 8−12 eV
below the Fermi level EF show mostly Sb 5s bands mixed with
Cd 5s and 4d and small amounts of Eu valence orbitals; (ii) 0−
6 eV below EF arises mostly from Sb 5p bands mixed with Cd
5p and Eu 6s/5d states; and (iii) above EF, which contains
mostly Eu 6s and 5d character. There is a clear pseudogap at EF,
which would suggest Eu11Cd6Sb12 to be, at best, semimetallic.
In line with the Zintl−Klemm formalism, the Cd−Sb and Sb5−
Sb5 COHP curves indicate maximum orbital interactions, i.e.,
“covalency”, in Eu11Cd6Sb12, which can be formulated as
(Eu2+)11(Cd
2+)6(Sb
3−)10(Sb2
4−).
For comparison, the DOS curves for the six diﬀerent As-
substitution models Eu11Cd6Sb10As2 are presented in Figure 7.
These curves provide some insights about the preferred pattern
of As substitution by focusing on the As partial DOS
contributions. For cases As2 and As5, which are the two
lowest energy substitution patterns, the As partial DOS extends
throughout all of region ii, that is, throughout the entire valence
band. Thus, these states show enhanced electronic occupation
as compared to the other pnictide states and will be favored for
substitution by the electronegative As atoms. This outcome can
be more clearly visualized by taking ratios of each As partial
DOS curve with respect to the partial DOS curve for the As4
site (see Supporting Information): from 2 to 6 eV below EF,
contributions from As2 and As5 clearly dominate the total
DOS, whereas contributions from the remaining pnictide sites
Table 1. Comparisons of Elemental Analysis from Single-Crystal X-ray Diﬀraction, and EMPA from Single Crystals and Hot-
Pressed Pellets of Eu11Cd6Sb12−xAsx
composition from EMPA on pellets
Xsyn
composition from single-crystal
XRD
composition from EMPA on single
crystals major phase 11-6-12 minor phase 10-1-10
0.0 Eu11Cd6Sb12 Eu10.95(7)Cd6.03(5)Sb12.01(2) Eu10.95(7)Cd6.03(5)Sb12.01(2) Eu10.07(9)Cd0.96(18)Sb9.02(4)Sn0.95(9)
1.0 Eu11Cd6Sb10.97As1.03(3) Eu10.95(5)Cd6.06(5)Sb10.88(4)As1.11(3) Eu10.95(3)Cd6.05(1)Sb10.90(7)As1.12(5) Eu10.0(1)Cd1.05(1)Sb7.53(4)As1.43(7)Sn1.0(1)
2.0 Eu11Cd6Sb9.64As2.46(5) Eu11.01(5)Cd6.05(3)Sb9.7(2)As2.2(2) Eu11.04(3)Cd5.99(3)Sb10.1(2)As1.8(2) Eu10.07(9)Cd1.02(4)Sb6.61(12)As2.32(11)Sn0.98(9)
Figure 4. High-resolution synchrotron powder X-ray diﬀraction
patterns for Eu11Cd6Sb12−xAsx solid solutions, x = 0 (lower pattern),
x = 1 (middle pattern), and x = 2 (top pattern) and their overlaid
calculated patterns (in orange dashed lines) and diﬀerence proﬁles (in
black) below each set.
Figure 5. Double pentagonal tubes repeated along the crystallographic
b axis made by the connecting CdSb4 tetrahedral units (sky blue
spheres = Cd; orange spheres = Sb). Six distinct crystallographic
pnicogen sites are labeled; Eu atoms are removed for clarity.
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show a more uniform, yet oscillating, distribution throughout
the entire valence band. The broad partial DOS arising from
the As2 and As5 contributions is a signature of greater orbital
overlap with their neighboring sites as compared to the other
pnictide positions. These two sites have the largest connectivity
within the formal Zintl polyanion, [Cd6Sb12−xAsx]
22−: Pn5 is
three bonded to 2 Cd atoms and 1 site Pn5 atom (Sb or As);
Pn2 is also three bonded but to 3 Cd atoms. Sites Pn1, Pn3,
and Pn4 are two bonded to Cd sites, whereas site Pn6 is one
bonded to a Cd site.
In model As5 above, all dimers were treated as formally (As−
As)4−. To examine the realistic possibility that mixed site
substitution patterns may be energetically favorable three
additional sets of structural models of Eu11Cd6Sb10As2 were
constructed in which the dimers are heteroatomic (Sb−As)4−,
listed as cases a−c in Figure 8. Since the unit cell contains two
formula units, the dimer positions Pn5 are assigned 2 As and 2
Sb atoms for which there are three possible distinct patterns per
unit cell, and various arrangements with the remaining two As
atoms occupying two of sites Pn1, Pn2, Pn3, Pn4, or Pn6 were
examined. For completion, Figure 8 includes the two
homoatomic cases (As−As)4− (d) and (Sb−Sb)4− (e). Table
3 summarizes the relative average total energies for each case
relative to case d, which is model As5 described above. The
average total energy for case e corresponds to the average value
of models (Pn1 − Pn4 + Pn6) listed in Table 2.
According to the results in Table 3, there is a clear energetic
preference for mixed site substitution by As atoms throughout
the structure of Eu11Cd6Sb12−xAsx. On average, there is a slight
preference toward heteroatomic (Sb−As)4− units, model a, with
additional As atoms substituting across the remaining pnictide
sites. On the other hand, the overall lowest energy
conﬁgurations speciﬁcally for Eu11Cd6Sb10As2 yield homoa-
tomic (As−As)4− and (Sb−Sb)4− units with additional As
substitution occurring at sites Pn1 and Pn2. Thus, there is a
Table 2. Percent Occupation As (and standard deviations) in the Six Crystallographic Positions of Pnicogen Atoms in
Eu11Cd6Sb12−xAsx and Relative Total Energies (ΔE, in meV/fu and K/fu) with Respect to the Lowest Energy Model for As
Substitution in the Six Sites for “Eu11Cd6Sb10As2.”
site Pn1 Pn2 Pn3 Pn4 Pn5 Pn6
formal charge −1 0 −1 −1 0 −2
Eu11Cd6Sb10.97As1.03 10.6(5)% 34.5(5)% no As no As 6.5(5)% no As
Eu11Cd6Sb9.64As2.46 28.9(7)% 60.4(6)% no As 11.8(6)% 19.0(7)% no As
Eu11Cd6Sb7.85As4.15 53.87(6)% 79.6(6)% 9.9(6)% 27.9(6)% 37.9(6)% 2.8(6)%
ΔE (meV/fu) 63.9 21.6 235.1 133.7 0 165.5
ΔE (K/fu) 741 251 2727 1551 0 1920
Figure 6. DOS curve decomposed into its atomic components (Eu,
blue; Sb, green; Cd, white) and signiﬁcant COHP curves for
Eu11Cd6Sb12 (+ is bonding; − is antibonding). EF for 154 e− is set
to 0 eV.
Figure 7. DOS curves emphasizing the pnicogens contributions (As, blue; Eu, green; Cd+Sb, white) for six diﬀerent models of Eu11Cd6Sb10As2. EF
for 154 e− is set to 0 eV. Coordination polyhedron for each site (for distances less than 4.0 Å) is included (Eu, green; Cd, gray; Sb/As, blue).
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synergistic energetic inﬂuence on the substitution pattern of As
atoms among the various pnictide sites in Eu11Cd6Sb12−xAsx.
In summary, the results of electronic structure theory agree
reasonably well with the experimental reﬁnements of As-
substituted Eu11Cd6Sb12−xAsx. The results indicate that As
substitution at a mixture of sites Pn1, Pn2, and Pn5 is strongly
preferred over any other speciﬁc site substitution. This
distribution pattern arises because sites Pn1, Pn2, and Pn5
engage in the most signiﬁcant polar−covalent Cd−Pn orbital
interactions (see DOS curves in Figure 7), and the covalent
Pn5−Pn5 orbital interactions are enhanced by mixed
occupation by As and Sb. Moreover, the energy diﬀerences
between heteroatomic (Sb−As)4− and a mixture of homoa-
tomic (As−As)4− and (Sb−Sb)4− units are relatively small
(∼300 K/fu, on average; compare columns a and b in Table 3),
and there is no preferential ordering at the Pn5 sites
throughout the crystal.
Arsenic Substitution Eﬀects on Transport Properties.
The substitution pattern of As for Sb in Eu11Cd6Sb12 is
expected to have a signiﬁcant impact on the electrical transport
properties of this system. As seen in Figure 9, magniﬁcation of
the theoretical DOS curves near the Fermi level for each
substitutional model reveals that As substitution at the Pn4 site
creates a deﬁnite band gap of ∼17 meV, whereas As
substitution at the other ﬁve pnictide sites leaves a pseudogap.
Band structures indicate that there are energy gaps at every
wavevector for 154 valence electrons (77 valence bands), but
the reason for pseudogaps arises because band overlaps occur
from diﬀerent regions of wavevector space. Only for
substitution at the Pn4 sites is this energy band overlap
eliminated. Evaluation of integrated COHP values for the
various Eu−Sb contacts indicate that the largest Eu−Sb polar−
covalent interactions occur with the Pn4 sites. Such interactions
are related to Sij
2/ΔE(0) in which Sij is the overlap integral
between atomic orbitals i and j and ΔE(0) is their energy
diﬀerence. Substitution by As, which is more electronegative
and smaller than Sb, will decrease this covalency because Sij
decreases and ΔE(0) increases. We see the greatest changes in
integrated COHP values occurring for As substitution at the
Pn4 positions.
Electronic Transport Properties. Total thermal con-
ductivities for Eu11Cd6Sb12−xAsx samples are shown in Figure
10a, indicating that they tend to decrease with increasing As
concentration, a result which is in good agreement with the
trend of higher electronic resistivity observed in more As-
containing solid solutions discussed later. The electronic
contribution to κtotal can be estimated from κe = LT/ρ, where
T is temperature, ρ is electrical resistivity, and L is the Lorenz
number calculated using the single parabolic band (SPB)
model. In Figure 10a, the κtotal − κe values for each sample
represent the cumulative eﬀect of the lattice (κlattice) and bipolar
(κB) contributions to the thermal conductivities, since κtotal = κe
+ κB + κlattice. In the absence of a bipolar contribution, κtotal − κe
is expected to decrease with increasing temperature. However,
the κtotal − κe values for samples of Eu11Cd6Sb12−xAsx decrease
to around 550 K and then starts to increase, indicating a
signiﬁcant bipolar contribution at higher temperatures, in
agreement with the temperature dependence of the Hall charge
carrier concentrations discussed later. At room temperature, the
bipolar term is insigniﬁcant, and it can thus be assumed that the
κtotal − κe values approach the intrinsic lattice thermal
conductivities. All samples of Eu11Cd6Sb12−xAsx show very
similar low lattice thermal conductivities, but a rough
comparison of κlattice values near room temperature follows
the expected trend based on introducing point defects through
synthesis of isostructural solid solutions. Samples with mixed
occupancies of As and Sb show lower lattice thermal
conductivities since solid solutions provide an environment of
atomic mass ﬂuctuation throughout the crystal lattice (i.e.,
disorder) providing phonon scattering which generally results
in low thermal conductivity.25
Measured thermal conductivities of Eu11Cd6Sb12 are as low
as 0.6 W/mK, comparable to state of the art thermoelectric
materials such as Yb14MnSb11 and Zn4Sb3 which are about 0.9
Figure 8. Five diﬀerent As/Sb distributions among site Pn5, including three heteroatomic (a−c) and two homoatomic (d and e) cases (Eu, green;
As, red/black; Sb, blue/white).
Table 3. Relative Average Total Energies (ΔE; meV/fu) with Respect to Case d for Eu11Cd6Sb10As2 (Z = 2)a
case A b c d e average
Pn1 −169.8 −199.2 −60.6 63.9 −99.4
Pn2 −163.8 −192.9 −39.7 21.6 −96.4
Pn3 −176.2 −133.0 −40.9 235.1 −58.1
Pn4 −165.5 −94.5 −45.1 133.7 −59.6
Pn6 −185.8 −111.5 −99.5 165.5 −78.5
ΔE (meV/fu) −172(9) −146(47) −47(12) 0 +124(84)
aValues in parentheses are standard deviations from 5 diﬀerent structural models in each case.
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and 0.75 W/mK, respectively, as shown in Figure 10b.
However, the lattice thermal conductivity values of both
Yb14MnSb11
7 and Zn4Sb3
26 materials are lower than
Eu11Cd6Sb12 because the electronic thermal conductivity has
a signiﬁcant contribution for κtotal in these two compounds; κe is
minor in Eu11Cd6Sb12 due to high electronic resistivity.
Figure 11a shows the temperature-dependent electrical
resistivity (ρ) of Eu11Cd6Sb12−xAsx samples from room
temperature to 773 K. Resistivity for all samples increases
approximately linearly with increasing temperature up to 500 K,
consistent with degenerate semiconducting electrical conduc-
tivity properties (metallic behavior with transport dominated by
extrinsic carriers). Electrical resistivity shows a sharp rise at
approximately 500 K, which can be attributed to melting of
residual tin (TM(Sn) ≈ 500 K) from the ﬂux synthesis in the
samples. Above 550 K, the resistivity decreases with increasing
temperature for all samples, as minority carrier activation leads
to a transition from extrinsic semiconducting behavior to
intrinsic, two-carrier type behavior.
Hall eﬀect measurements were carried out for better
understanding of electronic properties of these compounds.
Positive Hall coeﬃcients of all samples reveal that holes are the
dominant carriers at room temperature (nH = 1/eRH). Hall
carrier concentration data shown in Figure 11b reveal that all
samples have an extrinsic p-type carrier concentration of 2.5−4
× 1019 holes/cm3 at room temperature, which may be
attributed to the inherent defects in the crystal structure. The
carrier concentration of all samples is constant to ∼550 K,
Figure 9. DOS curves (As partial DOS, green; Eu+Cd+Sb, white), (Eu+Cd)−As COHP curves, and energy band structures for six diﬀerent
substitution models of “Eu11Cd6Sb10As2”. Only As4 substitution opens a band gap in the DOS curve at the Fermi level.
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indicative of extrinsic carriers. At high temperatures, a sharp rise
in carrier concentration is observed due to the thermally excited
carriers across the band gap, deﬁning the bipolar regime. At
very high temperature, the hole carrier concentration will be
overestimated since a single-carrier-type description is no
longer valid equation in the bipolar regime. Samples with
higher arsenic content have higher carrier concentrations,
which may be due to a higher concentration of intrinsic
crystallographic defects in these samples.
Hall mobility values shown in Figure 11c were calculated
from the Hall coeﬃcient measurements (ρ = 1/nHeμH). The
mobility of the doped samples, in general, decreases with
increasing x. However, while samples x = 0 and 1 have
comparable mobilities, the mobility is decreased by one-half in
a sample of x = 2 (35 and 17 cm2/v·s for x = 1 and x = 2,
respectively). The sudden decrease in mobility of
Eu11Cd6Sb12−xAsx (x ≈ 2) can be explained by the As site
speciﬁcity substitution. As discussed above in the modeling
calculation, it is expected that Eu1−Sb4 interaction has an
important role in the electronic properties in Eu11Cd6Sb12,
which is in good agreement with the modeling calculations
done on Sr11Cd6Sb12 and Ba11Cd6Sb12 by Xia et al.
27 Their
calculation shows that the bottom of the conduction bands and
the top of the valence bands originate predominantly from dz2
orbitals of Sr1/Ba1 and py orbitals of Sb4. It is expected that
substitution of As (with smaller 4p orbitals) in Sb sites (with
larger 5p orbitals) leads to less Eu1−Pn4 orbital overlap as
discussed before and, as a result, causes lower mobility.
According to Table 1, As begins to preferentially substitute Sb4
sites at higher concentration at x ≈ 2 in Eu11Cd6Sb12−xAsx
resulting in a strong eﬀect on the electronic properties as
predicted by the modeling calculation. The mobility in all
samples decreases with increasing temperature. The temper-
ature dependence of μH is indicative of acoustic phonon
scattering (μH = T
−v, where v ranges from 1 to 1.5 for
degenerate and nondegenerate semiconductors, respectively).
For all samples in this study, v ranges from 1.4 to 1.7.28
Hall measurements indicate that despite the fact that charge
carrier concentration increases by substituting As in Sb sites,
the mobility is strongly aﬀected by the As site substitution. As a
result, for x = 1, where the As is not substituting the important
Sb4 site, slightly increased charge carrier concentration leads to
lower resistivity compared to x = 0. However, for x = 2, the
increased charge carrier concentration introduced by As
substitution is counteracted by lower mobility attributed to
substitution on the Sb4 site, resulting in the highest resistivity
among all three samples.
F igure 11d shows the Seebeck coeﬃc ient o f
Eu11Cd6Sb12−xAsx as a function of temperature over the range
300−750 K. The Seebeck coeﬃcients of all samples are positive
in the measured temperature range, which agrees with the
results of Hall measurement, indicating that the dominant
carrier concentrations are holes. The value of the Seebeck
coeﬃcients decreases with increasing As, consistent with the
Figure 10. (a) Total thermal conductivity, κtotal, (color-coded solid markers) and κlattice + κB (color coded hollow markers) in samples of
Eu11Cd6Sb12−xAsx; bipolar contribution is apparent at temperatures higher than 500 K. (b) Total thermal conductivity (green solid circles) and
lattice thermal conductivity (green hollow circles) of Eu11Cd6Sb12 as a function of temperature are compared to the corresponding properties in
Yb14MnSb11 (blue diamonds) and Zn4Sb3 (orange squares) from the literature.
Figure 11. (a) Temperature dependence of the electrical resistivity for
Eu11Cd6Sb12−xAsx. (b) Hall carrier concentration for Eu11Cd6Sb12−xAsx
illustrates the transition from extrinsic regime to intrinsic regime
around 550 K. (c) Hall mobility is indicative of acoustic phonon
scattering. (d) Temperature dependence of the Seebeck coeﬃcient for
Eu11Cd6Sb12−xAsx compounds.
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increasing charge carrier concentrations. Seebeck coeﬃcients of
all samples increase with increasing temperature and reach their
maximum value at about 550 K (consistent with the
temperature dependency of carrier concentration) and then
decrease with further increases in temperature, showing the
transformation from the extrinsic to the intrinsic regime. From
this peak, a band gap (Eg) of between 0.1 and 0.2 eV can be
estimated for Eu11Cd6Sb12−xAsx samples from the relation Eg =
2αmaxTmax.
The zT values of Eu11Cd6Sb12−xAsx (x = 0, 1, 2) as a function
of temperature are shown in Figure 12. It is not surprising that
Eu11Cd6Sb12−xAsx do not show exceptional thermoelectric
performance because of the poor electrical conductivity in
these samples; calculated zT values are less than 0.25 in the
measured temperature range, as indicated in Figure 12.
However, the fairly high Seebeck coeﬃcient and low thermal
conductivity at room temperature results in zT ≈ 0.07 at room
temperature, which is high for a Zintl phase.29 It suggests that
Eu11Cd6Sb12 will be a fruitful area for discovery of new
materials for thermoelectric refrigeration provided that the
electrical conductivity can be further tuned to achieve higher zT
values. Optimization of zT can be investigated through a
doping strategy such as introducing more holes by aliovalent
substitutions instead of isovalent substitutions. The As solid−
solution samples in this study have lower zT values than the
undoped sample due to lower Seebeck coeﬃcients (caused by
higher charge carrier concentrations through substituting As)
and lower charge carrier mobilities attributed to point defect
scattering.
■ CONCLUSIONS
In this work, the role of the pnicogen sites in the thermal and
electronic properties of Eu11Cd6Sb12-type Zintl compounds is
studied by examining the trends in chemical and transport
properties of the Eu11Cd6Sb12−xAsx system. It is shown that a
limited amount of As can replace Sb in the Eu11Cd6Sb12
structure through Sn-ﬂux synthesis. Electronic structure
calculations predict that As substitution on the pnicogen sites
in Eu11Cd6Sb12 prefers As/Sb mixing in the Pn5−Pn5 dimers
with additional substitution at Pn1 and Pn2 sites, an outcome
that is consistent with single-crystal structure reﬁnements. This
substitution pattern is the result of both size and electronic
factors. Reﬁnement of the synchrotron powder X-ray diﬀraction
patterns shows the major phase for all samples is monoclinic
Eu11Cd6Sb12−xAsx solid solutions. All synthesized solid−
solutions show surprisingly low thermal conductivities ranging
from 0.60 to 0.65 W/mK at 571 K and a positive Seebeck
coeﬃcient of 120, 105, and 75 μV/K at room temperature for x
= 0, 1, and 2 samples reaching to a maximum of 156, 140, and
120 at ∼570 K. Although the charge carriers increase by
substituting As in Sb sites, the mobilities decrease. As a result,
in x = 1, where the increased carrier concentration is not
completely counteracted by decreased mobility, the lowest
electrical resistivity is observed and in x = 2, where the mobility
is much lower than the increased carrier concentration, the
highest resistivity is observed. The ﬁgures of merit of
Eu11Cd6Sb12−xAsx are low, approximately 0.21, 0.18, and 0.07
at ∼755, 700, and 715 K for x = 0, 1, and 2, respectively. The
combination of theoretical and experimental results provides
insight into this system and shows the potential for
optimization through extrinsic doping.
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2008, 2832.
(22) Denton, A. R.; Ashcroft, N. W. Phys. Rev. A 1991, 43, 3161.
(23) Vegard, V. L. Z. Phys. 1921, 5, 17.
(24) Miller, G. J. Eur. J. Inorg. Chem. 1998, 1998, 523.
(25) Sootsman, J. R.; Chung, D. Y.; Kanatzidis, M. G. Angew. Chem.,
Int. Ed. 2009, 48, 8616.
(26) Toberer, E. S.; Rauwel, P.; Gariel, S.; Taftø, J.; Snyder, G. J. J.
Mater. Chem. 2010, 20, 9877.
(27) Xia, S. Q.; Bobev, S. J. Comput. Chem. 2008, 29, 2125.
(28) Yu I. Ravich, Eﬁmova, B. A.; Smirnov, I. A., Semiconducting lead
chalcogenides; Plenum Press: New York, 1970.
(29) Gaultois, M. W.; Sparks, T. D.; Borg, C. K.; Seshadri, R.;
Bonificio, W. D.; Clarke, D. R. Chem. Mater. 2013, 25, 2911.
Chemistry of Materials Article
dx.doi.org/10.1021/cm403345a | Chem. Mater. 2014, 26, 1393−14031403
